INTRODUCTION
A stated by F. M. Winnik in 1993 1 and supported by more recent reviews, [2] [3] [4] "pyrene is by far the most commonly used dye to study macromolecules" due to its ability to form excimer readily upon encounter between an excited and a ground-state pyrene and its sensitivity to the polarity of its local environment. Interactions of pyrene-labeled macromolecules (PyLMs) with themselves and other macromolecules, [5] [6] [7] [8] surfactants or surfactant micelles, [9] [10] [11] [12] or latex particles [13] [14] [15] lead to changes in the polarity of the local environment of the pyrene probe and its ability to form an excimer. Both effects can be quantified from the ratio of the fluorescence intensity of the excimer over that of the monomer, namely the IE/IM ratio, to characterize the efficiency of pyrene excimer formation [1] [2] [3] [4] 16 or the ratio of the fluorescence intensity of the first band in the fluorescence spectrum of the pyrene monomer over that of the third band, namely the I1/I3 ratio, used to describe the medium polarity. [17] [18] [19] While these two features have been well advertised in the scientific literature, [1] [2] [3] [4] [16] [17] [18] [19] much less mentioned is the fact that the ability of pyrene to probe the polarity of its local environment is strongly reduced upon labeling with one of the many commonly used 1-pyrenebutyl derivatives. Since the variation in the I1/I3 ratio with the polarity of the local environment is due to the fact that the band corresponding to the I1 intensity in the fluorescence spectrum of pyrene is symmetry forbidden, the loss in symmetry induced by the chemical modification of pyrene to generate the 1-pyrenebutyl derivatives is associated with a substantial sensitivity loss of the I1/I3 ratio to polarity. This report demonstrates that 1-pyrenemethoxyethanol (PyMeEGOH) which is the chemical equivalent of 1-pyrenebutanol (PyButOH) bare the oxygen atom in the position of the spacer can be used as conveniently as PyButOH to label a macromolecule and study its internal dynamics by pyrene excimer fluorescence, but contrary to PyButOH, can probe the local environment of a macromolecule as reliably as molecular pyrene.
This work confirms the insight of earlier reports which suggested but never conclusively demonstrated that introduction of a heteroatom in the position of an alkyl subsituent of pyrene re-symmetrizes its electronic wavefunction and restores the sensitivity of pyrene to solvent polarity. 20, 21 EXPERIMENTAL Materials: 2-Iodoethanol, 1-pyrenemethanol, triethylamine, methacryloyl chloride, butyl methacrylate, and ethylene glycol anhydrous were purchased from Sigma-Aldrich (Reagent Grade). Distilled in glass tetrahydrofuran (THF), toluene, cyclohexane, 2-propanol, and acetonitrile were provided by Caledon Laboratories. HPLC grade ethanol and ethyl acetate were supplied by Fisher Scientific. HPLC grade acetone, 2-butanone, butylalcohol, benzyl alcohol, cyclopentanone, 1,2-dichloroethane, DMF, DMSO, methanol, and o-xylene were obtained from Sigma-Aldrich. HPLC grade hexane and dichloromethane (DCM) were purchased from OmniSolv. All chemicals were used as received.
Synthesis of 2-(1-pyrenemethoxy)ethanol (PyMeEGOH):
1-Pyrenemethanol (1.50 g, 6.46 mmol) and ground potassium hydroxide (KOH) (0.50 g, 8.9 mmol) were dissolved in 25 mL of dimethyl sulfoxide (DMSO) and transferred to a 100 mL round bottom flask under N2 flow. The solution was purged with N2 for 30 minutes. 2-Iodoethanol (1.00 g, 5.82 mmol) was added drop wise to the reaction mixture. The solution was stirred under N2 at room temperature for 24 hrs. After the reaction was complete, the solution was washed with 0.5 M HCl, a saturated sodium chloride aqueous solution, and water in that sequence. The solvent was removed with a rotary evaporator.
The yellow remaining crude product was dissolved in a minimum amount of DCM before being purified by silica gel column using a 55:45 ethyl acetate:hexane mixture. The solid PyMeEGOH was then re-crystallized using a 1:10 ethyl acetate:hexane mixture and a pale-yellow solid was obtained in a 38% yield (mp = 65-68 o C). Figure S1 in Supporting Information (SI). Random copolymerization: The pyrene-labeled poly(butyl methacrylate)s (Py-PBMAs) were prepared by radical copolymerization of 1-pyrenebutyl methacrylate (PyBut-MA) or PyMeEG-MA with butyl methacrylate (BMA) to yield PyBut-PBMA or PyMeEG-PBMA, respectively.
Synthesis of 2-(1-pyrenemethoxy) ethyl methacrylate (PyMeEG
Their chemical structure is shown in Table 1 . The overall number of moles of BMA was kept constant while the ratio of PyBut-MA or PyMeEG-MA to BMA monomer was altered to achieve different molar percentages of pyrene contents ranging between 1 and 10 mol%. The copolymerization was carried out in an oil bath at 65 o C using AIBN as the initiator. The mono methyl ether hydroquinone (MEHQ) stabilizer present in the BMA supplied by Sigma-Aldrich was removed by filtration through a column filled with MEHQ inhibitor-remover beads (Aldrich).
The reaction mixture was outgassed for 20 minutes with a gentle flow of nitrogen to remove oxygen, a well-known inhibitor of radical polymerization. The copolymerization was stopped at a conversion of 0.2 or less to avoid any possible compositional drift during the copolymerization. 1 H NMR was used to follow the conversion as a function of reaction time. Once the desired conversion was achieved, the reaction vessel was placed on ice and the polymer was precipitated in methanol, re-dissolved in THF, and re-precipitated in methanol 5-7 times to remove any unreacted PyMeEG-MA monomer. The final yield was approximately 10% in each copolymerization. A same protocol described in an earlier publication was applied to prepare the PyBut-PBMA samples. , and 20×10
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. Typical GPC traces collected with a PyMeEG-PBMA sample having a pyrene content of 3.8 mol% (PyMeEG(3.8)-
PBMA) are provided in Figure S3 in SI. GPC analysis was also applied to establish that the sample of pyrene-labeled PBMA was free of any unreacted pyrene-labeled monomer. Pyrene content, absolute number-average molecular weight (Mn), and the polydispersity indices (PDIs) of all samples studied in this report have been listed in Table 1 .
Pyrene content determination:
The pyrene content of the samples was determined by UV-Vis spectroscopy with a Varian Cary 100 Bio spectrophotometer. The sharp absorption peak at 344 nm of the pyrene derivatives was used to calculate the pyrene content Py of the Py-PBMA samples.
To this end, the Py-PBMA samples were dissolved in THF to generate a polymer solution of -S2 in SI). [23] [24] [25] More background information on the FBM has been provided in SI. The FBM retrieves the molar fraction fdiff, fk2, ffree, fE0, and fEL of all the pyrene species in solution. These are the pyrenes that are, diffusing in the solution according to the motion of the structural units of the polymer that they are bounded to (Pydiff), close to each other and rearrange rapidly with a rate constant k2 ( 2 k Py ), isolated in pyrene-poor domains of the PyLM where they cannot form excimer and emit with the lifetime of the pyrene derivative M ( free Py ), present as a properly stacked ground-state dimer that can generate an excimer upon direct excitation (E0) that emits with a lifetime τE0, and found as improperly stacked dimer that leads upon direct excitation to the formation of a long-lived excited dimer (EL) that emits with a lifetime
EL.
Within the framework of the FBM, the polymer coil is divided into a cluster of identical blobs. Diffusive motion of diff Py is described by the three parameters <n>, kblob, and ke× [blob] which are the rate constant of encounter between two structural units bearing a pyrene label which are both inside a same blob, the average number of pyrenes per blob, and the product of the rate constant of exchange of pyrene moieties between neighboring blobs in the polymer coil. The parameters were optimized with the Marquardt Levenberg-algorithm. 26 Fits were deemed satisfactory if the χ 2 value was smaller than 1.3 and the residuals and autocorrelation function of the residuals were randomly distributed around zero.
RESULTS AND DISCUSSION
Pyrene derivatives are ubiquitous fluorescent probes used to provide information about the internal dynamics of macromolecules or the polarity of their microenvironment. Consequently, the characterization of a new pyrene derivative such as PyMeEGOH developed for the fluorescent labeling of macromolecules must include a study of its response to solvent polarity and ability to report on the internal dynamics of macromolecules. To this end, the steady-state fluorescence spectra of PyMeEGOH and PyButOH were acquired in 21 solvents covering a wide range of dielectric constants between 1.9 for hexane and 78.5 for water. They are shown in Figure 1 . The fluorescence spectra were normalized to an arbitrary value of 100 at 375 nm which corresponds to the 0-0 transition of pyrene. Table 2 . The solvent polarity increases from top (hexane) to bottom (DMSO) in Figure   1A ). Fluo. Intensity (a.u.)
The I1/I3 ratio for each steady-state fluorescence spectrum was used to characterize the response of the pyrene derivatives to solvent polarity. Rapid visual inspection of Figure 1A indicates that the spectral features of PyMeEGOH, and thus the I1/I3 ratios, change substantially with solvent polarity but that these changes are much smaller for PyButOH implying that the former pyrene derivative is a much better probe to monitor the polarity of its environment than the latter. In the fluorescence spectra shown in Figure 1 , the intensities I1 and I3 correspond to the intensity of the 0-0 and 0-2 transitions of pyrene at about 375 nm and about 386 nm, respectively (see Figure S4 ).
The I1/I3 ratios for PyMeEGOH and PyButOH have been listed in Table 2 This feature was taken advantage of to prepare a series of PBMA samples labeled with different amounts of PyMeEGOH. The ability of the PyMeEG-PBMA series to probe the internal dynamics of PBMA in solution was investigated by comparing its response in terms of pyrene excimer formation to that obtained for a series of more traditional PyBut-PBMA samples which had been prepared for an earlier study. 22 The characteristics of both Py-PBMA samples in terms of Mn, PDI, and molar fraction of pyrene-labeled monomer (x) were provided in Table 1 . Fluo. Intensity (a.u.) Table S2 in SI). The much smaller To this end, the fluorescence decays of the pyrene monomer and excimer of all PyMeEG-PBMA and PyBut-PBMA samples were acquired in cyclohexane, toluene, THF, DCM, and DMF and they were analyzed globally according to the FBM which has been described in details in SI. For both Py-PBMA series, the monomer and excimer decays were fitted globally with Equations S1 and S2 provided in SI. In a first round of fit, the rate constant k2 for rearrangement of the pyrene labels was allowed to float. Its value obtained for all constructs of a same polymer series was averaged and the average was fixed in a second round of FBM fitting of the decays. The decay fits were excellent and this analysis yielded Nblob, the average number of BMA monomers in a blob and kblob, the rate constant describing the diffusive motions inside a blob of two monomers bearing a pyrene label. The results of this analysis are discussed hereafter.
The first step in the FBM analysis of the decays consisted in determining the lifetime M of the fluorescent label. To this end, a Py-PBMA sample was prepared with a low (< 0.6 mol%) pyrene content whose monomer decay had a strong (> 80%) contribution of a long-lived pyrene species that was attributed to unquenched pyrene labels that did not form excimer (Pyfree). This decay time was selected as the natural lifetime M of the pyrene label attached to the polymer. M was found to equal 288, 246, 270, 155, and 228 ns for PyMeEG-PBMA and 224, 180, 195, 110, and 160 ns for PyBut-PBMA in cyclohexane, toluene, THF, DCM, and DMF, respectively. These M values were close to those found for PyMeEGOH and PyButOH in the same solvents (see Table 2 ), the larger discrepancy in M being observed in cyclohexane for PyMeEG-PBMA. As explained earlier based on the analysis of the I1/I3 ratios of PyMeEGOH and PyMeEG-PBMA in cyclohexane, the difference in M value for PyMeEG-PBMA in cyclohexane is due to the sensitivity of this pyrene derivative to the more polar environment generated by the ester bonds of the PBMA backbone (see Figure 3J) . It was interesting to note that, M for PyMeEGOH in Table   2 determined for all 21 solvents was on average 67 ± 13 ns longer than for PyButOH. This represents another major advantage for using PyMeEGOH instead of PyButOH as a fluorescent label as its longer lifetime offers a longer temporal window to probe the slow dynamics observed in macromolecules.
Fits of the decays yielded <n>, the average number of pyrene labels per blob, which was Figure 4A . The <Nblob> values obtained for both Py-PBMA series were comparable although they might appear to be slightly smaller for the PyBut-PBMA constructs despite the relatively large error bars. It must be also pointed out that the different natural lifetimes M used for PyBut-PBMA and PyMeEG-PBMA were not expected to affect much the FBM parameters as can be seen in Supporting Information. In particular the little effect that M had on <Nblob> for PyMeEG-PBMA in THF was illustrated in Figure S8B where M was adjusted by adding nitromethane, a well-known quencher of pyrene fluorescence, to the polymer solution. Beside M, viscosity is also expected to slow down the motion of a fluorescent label, which in turn, should reduce Vblob and thus Nblob. quantity is similar for PyMeEG-PBMA and PyBut-PBMA and that it does not change much with viscosity for the range of solvent viscosities investigated.
The rate constant of pyrene excimer formation inside a blob, kblob, was also retrieved from the FBM analysis of the decays and it was used to determine the product kblob×Nblob. The product kblob×Nblob has been found to represent polymer chain dynamics in solution more faithfully than Nblob. 22, 24, 25 As for Nblob, the products kblob×Nblob were insensitive to pyrene content as shown in We suspect that the difference in <kblob×Nblob> values found in cyclohexane between PyMeEG-PBMA and PyBut-PBMA is due to stronger interactions in cyclohexane between the ether bond in the linker of the PyMeEG derivative and the ester bonds of PBMA that hold the pyrene label close to the PBMA backbone. These interactions would hinder the mobility of PyMeEG as reflected by the lower <kblob×Nblob> value obtained in Figure 4B in cyclohexane. As a matter of fact, an upcoming study provides evidence that, as the length of the spacer connecting pyrene to the polymeric backbone decreases, the pyrene label probes a smaller Vblob.
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The more polar DMF, which like cyclohexane is a poor solvent for PBMA but unlike cyclohexane does not prevent the deployment of the pyrene label into the solution yields the same <kblob×Nblob> value for both
PyMeEG-PBMA and PyBut-PBMA constructs.
The uptick observed for <kblob  Nblob> for a M value of 50 ns in Figure S8B is a direct consequence of the scaling laws that apply to polymers in solution.
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Since kblob is the rate constant for diffusive encounters between an excited pyrene and a ground-state pyrene located inside a same blob, kblob is a pseudo-unimolecular rate constant equal to the product of the bimolecular rate constant of diffusive encounters kdiff times the local pyrene concentration equivalent to one groundstate pyrene inside a blob (kblob = kdiff×(1/Vblob)). Using a scaling argument where Vblob ~ Nblob Furthermore <kblob  Nblob> was found to increase with increasing   in Figure 4B as would be expected from a diffusion controlled process for pyrene excimer formation. Since <kblob  Nblob> has been shown to faithfully represent the internal dynamics of polymers in solution, 22, 24, 25 this result demonstrates that the PyMeEGOH derivative used to label PBMA yields the same dynamic information on a polymer in solution as PyButOH does as would be expected since the linker connecting the pyrene derivatives to the PBMA backbone is constituted of a same number of four 22 atoms. The main difference between these two pyrene derivatives is the ability of PyMeEGOH to probe the polarity of its local environment with a sensitivity that is similar to that of molecular pyrene (see Figures 1A and 2 ), a feature of this dye whose importance is rooted in the fact that the paper introducing this effect for the first time has been cited more than 1800 times since 1977 according to scifinder! 17 This feature was particularly useful in this study to rationalize why <kblob  Nblob> took a lower value for PyMeEG-PBMA than for PyBut-PBMA in cyclohexane. As shown in Figures 1B and 3A -E, the fluorescence spectrum of PyButOH responds much more poorly to the polarity of its local environment in comparison to that of PyMeEGOH. Most interestingly, the response to polarity observed for PyMeEGOH was found to be as strong as that of molecular pyrene (Figure 2 ). Based on these results, PyMeEGOH promises to be a most valuable fluorescent probe to study the internal dynamics and the polarity of the microenvironment generated by macromolecules in solution. Fluo. Intensity (a.u.)
CONCLUSIONS

Wavelength (nm)
Change in solvent polarity
